Several plant viruses encode elements at the 5= end of their RNAs, which, unlike most cellular mRNAs, can initiate translation in the absence of a 5= m7GpppG cap. Here, we describe an exceptionally long (739-nucleotide [nt]) leader sequence in triticum mosaic virus (TriMV), a recently emerged wheat pathogen that belongs to the Potyviridae family of positive-strand RNA viruses. We demonstrate that the TriMV 5= leader drives strong cap-independent translation in both wheat germ extract and oat protoplasts through a novel, noncanonical translation mechanism. Translation preferentially initiates at the 13th start codon within the leader sequence independently of eIF4E but involves eIF4G. We truncated the 5= leader to a 300-nucleotide sequence that drives cap-independent translation from the 5= end. We show that within this sequence, translation activity relies on a stem-loop structure identified at nucleotide positions 469 to 490. The disruption of the stem significantly impairs the function of the 5= untranslated region (UTR) in driving translation and competing against a capped RNA. Additionally, the TriMV 5= UTR can direct translation from an internal position of a bicistronic mRNA, and unlike cap-driven translation, it is unimpaired when the 5= end is blocked by a strong hairpin in a monocistronic reporter. However, the disruption of the identified stem structure eliminates such a translational advantage. Our results reveal a potent and uniquely controlled translation enhancer that may provide new insights into mechanisms of plant virus translational regulation.
T ranslation initiation of most eukaryotic mRNAs occurs by a scanning mechanism, where the 43S ribosomal subunit enters the mRNA from an accessible 5= end, is dependent on the 7-methyl guanosine cap structure (m7GpppG), and scans in a 5=-to-3= direction in search of the initiation codon (1) . The ribosomal subunit is recruited to the 5= end by the cap-binding protein factor eIF4E, which is bound to the 5= cap. eIF4E is the small subunit and cap-binding protein in the eIF4F complex. eIF4F is also comprised of the RNA helicase (eIF4A) and the large subunit and scaffold factor (eIF4G), which coordinates the attachment of the 43S ribosomal subunit to the mRNA via eIF3. In plants, eIF4E and eIF4G are also present in isoforms (eIFiso4E and eIFiso4G) (2, 3) .
Many viruses deviate from canonical cap-dependent translation initiation to compete against cellular mRNAs for limited translation factors (4) (5) (6) (7) . Some plant RNA viruses have evolved diverse RNA elements in their 5= and/or 3= untranslated regions (UTRs) to recruit the ribosomal complex and initiate translation at the 5=-proximal AUG start codon without needing a 5= cap. Interestingly, many plant virus translation mechanisms are unique compared to those of animal viruses. In several noncapped and nonadenylated plant viruses, including members of the Lu-teovirus genus of the Luteoviridae family, members of the Tombusviridae family, the umbraviruses, and satellite tobacco necrosis virus (8) (9) (10) , translation is mediated by a 3= cap-independent translation enhancer (CITE). These 3= CITEs are ϳ100 nucleotides (nt) long, are located at the 3= end of the viral RNA, and direct translation of the 5=-end-proximal open reading frame (9, 10) . Despite their divergent structures and sequences, all 3= CITEs initiate translation by recruiting one of the components of the initiation complex (eIF4F and/or eIFiso4F) by directly binding and delivering the complex to the 5= end via a 3=-to-5= long-dis-tance interaction. The ribosomal complex can then begin scanning for the 5=-proximal AUG start codon (10) . This mechanism, although mediated by the 3= UTR, requires sequences in the 5= UTR to initiate translation.
Only a few plant viruses have been shown to rely solely on their 5= UTRs to initiate protein expression, including some members of the largest family of plant viruses (11) . Members of the Potyviridae family, which is comprised of ϳ190 plant viruses distributed in at least 6 genera (6, (11) (12) (13) (14) , have a genome structure similar to that of the animal-infecting picornaviruses. Like the picornaviruses, potyviruses possess a viral protein covalently linked to their 5= end (VPg) instead of a 5= cap and are polyadenylated at their 3= end, and their genomic RNA encodes a single large polyprotein that is cleaved into several functional proteins (15) .
Despite their similar genome organizations, the potyviruses diverge from the animal picornaviruses in 5=-driven translation mechanisms. Potyviruses typically regulate translation by using their relatively short (Ͻ200-nt), adenosine-rich, and structurally weak 5= UTRs (11) . Although some show internal initiation abilities when tested in bicistronic constructs, potyviral leader sequences drive optimal translation when the 5= end of the mRNA remains accessible and open to ribosomal entry, suggesting a preference for 5=-terminus-dependent initiation (11) . For example, the 5= leader of tobacco etch virus (TEV) (family Potyviridae), which is one of the better-studied potyvirus translational enhancers (5, 12, (16) (17) (18) , contains two cap-independent regulatory elements (CIREs) ϳ75 nt long that fold into pseudoknots, which can independently mediate translation of the downstream cistron at twice the level of the control sequence when placed into the intergenic region of a bicistronic mRNA (5, 18) . This suggests that the TEV leader acts as an internal ribosome entry site. However, the addition of a strong stem-loop structure upstream of the 5= UTR to block ribosomal scanning and 5= entry in a monocistronic reporter RNA significantly reduced its translational ability (18) . Similarly, the 5= UTRs of other noncapped potyviruses, including turnip mosaic virus (TuMV), potato virus Y (PVY), and plum pox virus (PPV), stimulate cap-independent translation (6) . The TuMV 5= UTR drives translation at the level of a control m7GpppG-capped monocistronic RNA in vitro and in vivo, although the exact mechanism remains unclear (13) . A stable stem-loop placed at the 5= end of the mRNA sustained TuMV 5=-UTR-driven translation at 30% of the level observed without the stem-loop, but translation was abolished for the control m7GpppG-capped RNA (13) . Additionally, the TuMV 5= UTR remains translationally functional in the reverse orientation and such a reverse sequence can inhibit cap-dependent translation in trans (13) . In PVY, the 184-nt-long 5= UTR tolerates large deletions within the leader sequence, down to 55 total nucleotides, without major effects on the translation of noncapped monocistronic reporter mRNAs (14, 19) . The PPV 5= UTR is different yet in that it contains an upstream AUG (uAUG) codon that regulates the translation of the downstream correct AUG start codon via a leaky scanning mechanism (19) .
Triticum mosaic virus (TriMV) is a newly emerged wheat-infecting member of the Potyviridae family (20, 21) with a 10,266nt-long genomic RNA. Similar to other members of the family, it naturally lacks the canonical 5= cap structure, has a VPg protein that is likely bound to its 5= end, and is polyadenylated at its 3= end. It encodes a single, large, 3,112-amino-acid polyprotein, which is posttranslationally cleaved into 10 characteristic potyviral mature putative proteins (20, 21) . The virus varies significantly from other members of the Potyviridae in protein sequence and is therefore classified into the new genus Poacevirus (20) . Interestingly, its encoded proteins share only 29 to 40% sequence homology with the proteins of the other potyviruses, and unlike the typically short and unstructured 5= UTRs described for most potyviruses, the TriMV 5= UTR is 739 nucleotides long with 48% GC content and a predicted structural free energy value of Ϫ205 kcal/mol (predicted by using mFOLD). Sequence analysis also revealed 12 AUG codons located in the 5= UTR upstream of the presumed initiation site of the viral polyprotein at nucleotide positions 740 to 742 (20) . Although found in several picornaviruses, this is uncommon in 5= leader sequences of most plant RNA viruses (20) .
Here, we demonstrate that the TriMV 5= leader confers strong cap-independent translation in both oat protoplast cells and wheat germ cell extracts through a noncanonical mechanism. Translation primarily initiates at the 13th AUG codon independently of eIF4E and is dependent on at least eIF4G. We constructed a truncated sequence of ϳ300 nt derived from the 5= UTR that drives cap-independent translation from the 5= end. In this region, we identified a stem-loop structure at nt 469 to 490 that is necessary for its activity. The disruption of the stem structure was sufficient to impair both translation facilitation and trans-inhibition against a capped RNA. Additionally, we found that the TriMV 5= UTR drives translation internally in both a bicistronic construct and a monocistronic construct with a strong hairpin structure placed at the 5= end. This internal initiation activity is completely dependent upon the identified stem structure. In the context of the monocistronic mRNA with the 5= obstruction, the disruption of the stem structure abolished internal initiation, while the double compensatory mutation that restores the structure fully reestablished the activity of the TriMV 5= UTR. In summary, our results reveal a potent and uniquely regulated translation enhancer that may provide new insights into mechanisms of plant virus translation.
MATERIALS AND METHODS

Luciferase reporter constructs.
A cDNA clone containing the 5= UTR of TriMV (22) was used as a PCR template to generate the appropriate clones. The monocistronic TriMV firefly luciferase constructs were assembled in the T3 polymerase-driven plasmid c-myc-T3LUC(pA) (23) . The 5= UTRs of TriMV (nt 1 to 739) and the derived mutants were amplified by PCR. The PCR fragments were digested with the HindIII and NcoI restriction enzymes and ligated to the 5= end of the luciferase reporter gene in the HindIII-and NcoI-cut cmyc-T3LUC(pA) plasmid. The cmyc-T3Luc(pA) plasmid contains a T3 RNA polymerase promoter followed by the c-myc untranslated region, which was removed by HindIII-NcoI digestion, and contains a firefly luciferase reporter gene at its 3= end with 62 adenines downstream. Our control construct, designed to mimic a cellular mRNA, was derived from the pLGMS2 plasmid (24) . This plasmid contains a firefly luciferase reporter gene flanked by 18 nt of vector sequence at its 5= end and a 39-nt poly(A) tail at its 3= end. It was linearized with either BamHI to include the poly(A) tail or BglII to exclude the poly(A) tail.
The TriMV and empty control bicistronic constructs were synthesized from the pDluc plasmid (W. Allen Miller, Iowa State University, Ames, enzymes. The control construct (empty) was digested with XhoI and BglII and then religated with the DNA polymerase I large fragment (Klenow) to make an empty cassette.
To insert a stable stem-loop at the 5= end of pDluc (SLpDluc), we synthesized and annealed two reverse-complementary primers corresponding to the sequence of the stem-loop, CGC GCG CAC GGC CCA AGC TGG GCC GTG CGC GCC, with NcoI sticky ends. The fragment was then inserted into the plasmid by using the restriction site NcoI, located immediately after the promoter. The reverse-complementary sequences form a stable stem-loop with a ⌬G of ϾϪ34 kcal (25) .
To insert the same stable stem-loop at the 5= end of the firefly luciferase monocistronic construct, we designed primers with an overlapping 15-nt sequence and 15 bases complementary to the vector sequence (forward primer GGG CCC CCC CTC GAG CGC GCG CAC G and reverse primer ACC GTC GAC CTC GAG GGC GCG CAC G). The vector was cut with XhoI to linearize the vector, and dimerized primers generated by PCR were used as the template for cloning by using the In-Fusion cloning kit from Clontech.
The TriMV and green fluorescent protein (GFP) free RNAs used in the trans-inhibition assays were in vitro transcribed by using a PCR-based template. GFP free RNA was amplified from the TuMV infectious clone p35S::TuMV-GFP (26) and corresponds to bases 1699 to 2410 in the vector sequence (bases 1 to 711 in the GFP open reading frame). Primer sequences used for amplification were forward primer TAATACGACTC ACTATAGGGAGTAAAGGAGAAGAACTTTTC and reverse primer TTT GTA TAG TTC ATC CAT GCC ATG TGT AAT C. Engineered primers were used to insert a T7 RNA polymerase promoter at the 5= end before the sequence of interest. The resulting PCR products were used as the templates for in vitro transcription. The 105-nt barley yellow dwarf virus translation element (BTE) RNA was provided by the laboratory of W. Allen Miller (Iowa State University, Ames, IA) (27) .
Transcription. All RNAs were transcribed in vitro from linearized plasmids or PCR-amplified products by using either the T7 MegaScript kit from Ambion or T3 or T7 RNA polymerase from Life Technologies. Monocistronic TriMV luciferase constructs were linearized with either SfcI to include the poly(A) tail or SpeI to exclude the poly(A) tail. The pDluc-derived constructs and the empty vector control construct were linearized with BamHI to include the poly(A) tail. The renilla luciferase control construct (pRL-null; Promega) was linearized with BamHI to include the poly(A) tail.
Reaction mixtures were assembled according to protocols of the appropriate transcription kit. All mRNAs, unless otherwise specified, were in vitro transcribed with either the 3=-0-Me-m7G(5=)ppp(5=)G or G(5=)ppp(5=)A cap analog (New England BioLabs) at 4 mM concentrations. The ApppG cap analog increases the stability of the RNA without interfering with translation initiation and has no ability to recruit translation factors. The in vitro transcription reaction was executed for 2 h at 37°C. Turbo DNase (Life Technologies) was added to the mixture after the reaction to degrade the template DNA before RNA precipitation. RNA was precipitated with ethanol by the addition of a 10% volume of 3 M ammonium acetate and a 200% volume of absolute ethanol. RNAs were washed with 70% ethanol and resuspended in RNase-free water. The RNA concentration was measured by using a Nanodrop ND-1000 spectrophotometer, and RNA quality and equal loading were verified on an agarose gel.
Translation assays and data collection. The in vitro translation reactions were performed by using the wheat germ extract system kit (Promega). A 50-l translation master mix was prepared by using 0.1 pmol of RNA transcript, 25 l of wheat germ extract, 4 l of potassium acetate, and 4 l of amino acid mix, all of which, except for the RNA, were provided in the wheat germ extract kit (28) . RNase-free water was used to bring the volume up to 50 l. The master mix was then aliquoted for each replicate to a final volume of 10 l, and the reaction mixtures were assembled on ice. Each assay was performed in triplicate and repeated in at least three independent experiments. Translation reactions were executed at room temperature for 45 min and stopped by placing the reaction mixtures on ice and adding 30 l of 1ϫ passive lysis buffer (Dual Luciferase kit; Promega) to each 10-l reaction mixture. Luciferase activity was read for 10 s on a Centro XS 3 LB 960 luminometer following the injection of 10 l of Luciferase Assay reagent (Promega). For dual-luciferase assays, 10 l of Stop & Glo reagent (Dual Luciferase kit; Promega) was injected after the firefly luciferase reading, and renilla luciferase activity was then read for 6 s.
In the competition assays, luciferase activity was measured for the control m7GpppG-capped and polyadenylated vector mRNA construct. Exogenously added RNA or cap analog was added to the translation reaction mixtures at the appropriate concentrations after the reporter mRNA. The in vitro translation reactions were performed as described above.
Depleted wheat germ assay extracts were prepared as described previously by Gallie and Browning (2) . Wheat germ extract was self-prepared, loaded onto an m7GTP-Sepharose affinity column (GE Life Sciences), and equilibrated in a solution containing 25 mM HEPES-KOH at pH 7.6, 100 mM KCl, 1 mM MgCl 2 , and 1 mM dithiothreitol (DTT). The unbound fraction was then collected and aliquoted for storage at Ϫ80°C prior to use. In vitro translation was conducted in 50-l reaction mixtures with 5 pmol of RNA and 34 M 14 C-radiolabeled leucine (PerkinElmer Life Science). The reaction mixture was incubated at room temperature for 30 min, and the amount of 14 C-radiolabeled leucine incorporated into the newly synthesized proteins was measured following trichloroacetic acid (TCA) protein precipitation using a scintillation counter as previously described (29) .
Translation in oat protoplasts. Oat protoplasts were prepared from an oat cell suspension culture, as described previously (30) . A total of 1 pmol of each RNA reporter construct was electroporated into ϳ10 6 cells. To normalize RNA incorporation into cells, 0.1 pmol of capped polyadenylated renilla luciferase RNA was included in each electroporation mixture. At 4 h postelectroporation, the cells were harvested, lysed in 500 l passive lysis buffer (Dual Luciferase kit; Promega), and centrifuged for 10 min at 15,000 ϫ g. Luciferase activity was measured by using 100 l of the supernatant. Fifty microliters of the luciferase assay reagent was injected into each sample, and activity was read for 10 s. Fifty microliters of Stop & Glo reagent was then injected, and renilla luciferase activity was measured for 6 s. All experiments were performed in triplicate and repeated in at least three independent experiments.
Protein expression and translation assays. Wheat eIF4F, eIF4G, and eIF4E recombinant proteins were prepared as described previously by Mayberry et al. (31) . In vitro translation assays with initiation factor proteins added in trans were performed with 10-l wheat germ extract reaction mixtures. For the recovery assay of trans-inhibition and for the translation assay in the depleted wheat germ, increasing concentrations of eIF4F, eIF4G, or eIF4E were added to the reaction mixture, as indicated. SHAPE assay. Selective 2=-hydroxyl acylation analyzed by primer extension (SHAPE) analysis of RNA was carried out with fluorescently labeled primers and resolved by two-capillary electrophoresis as described previously by Karabiber et al. (32) . Briefly, 15 pmol of the TriMV firefly luciferase RNA construct was heated to 95°C for 3 min and then placed on ice for 2 min. The RNA was resuspended in 5ϫ folding buffer [80 mM Tris-HCl (pH 8.0), 160 mM NH 4 Cl, 11 mM Mg(OAc) 2 ] and then chemically modified at 37°C for 40 min with N-methylisatoic anhydride (NMIA) dissolved in dimethyl sulfoxide (DMSO) (Sigma) to a final concentration of 15 mM. For the control RNA sample, only DMSO was added. Unpaired or unconstrained nucleotides will likely react with the reagent through its 2=-hydroxyl group to form a bulky 2=-0 adduct, which prevents primer extension by reverse transcriptase. The reverse primer used for reverse transcription (AGGGCGTATCTCTTCATAGCCTT) was complementary to a sequence within the firefly luciferase coding region, beginning 70 nt downstream of the TriMV 5= UTR. The primer was 5=end labeled with either a JOE (6-carboxy-4=,5=-dichloro-2=,7=-dimethoxyfluorescein) NHS ester or a 6-carboxyfluorescein (FAM) fluorophore (Integrated DNA Technologies). For the primer extension, 3 pmol of modified or nonmodified RNAs was mixed with 6 pmol of JOE-labeled primers. For the RNA sequencing ladder, 3 pmol of nonmodified RNA was mixed with 6 pmol of FAM-labeled primers, and a primer extension step was performed with 10 mM dideoxynucleoside triphosphates (ddNTPs). The SHAPE reactions were resolved by capillary electrophoresis through Integrated DNA Technologies services. The capillary data were analyzed with QuSHAPE software (32) with the normalized annotation of the SHAPE reactivity for each position. The SHAPE data were then further analyzed by using VARNA software, where the normalized reactivity was taken and used for structure modeling (33) .
Data analysis. Each experiment was performed in triplicate and independently replicated at least three times. Translation measurement units were plotted with the means and the standard errors of the means (SEM) by using GraphPad Prism 5. The translation values are expressed as luciferase light units, relative luciferase activities (percent), fold increases, or firefly/renilla luciferase activity ratios. To compare the monocistronic mRNA translation measurements, luciferase units were standardized to the mean for the control in each graph (set at 100%). For comparisons of the translation levels of RNA transcripts with or without a 5=-m7GpppG cap, or with or without a 3=-polyadenylated tail, the fold increase is derived by relativizing the data to the non-m7GpppG cap or non-poly(A) tail constructs (set as 1-fold). The ability to conduct internal initiation was defined by calculating the ratio of firefly luciferase units to renilla luciferase units expressed by the bicistronic RNA. In competition assays with added free RNA, data were standardized by using the mean for the exogenously added RNA at the zero time point (100% relative translation).
A t test (see Fig. 1 ) or analysis of variance (ANOVA) (see Fig. 2 to 5) was performed by using GraphPad Prism 5 to compare significances of the means of the data. Significant P values are reported where appropriate.
RESULTS
The TriMV 5= UTR drives cap-independent translation. The genomic RNA of triticum mosaic virus (TriMV) is naturally noncapped at its 5= end and polyadenylated at its 3= end (21) . To examine the function of the TriMV 5= leader in translation in vitro, we first tested the dependency of the RNA sequence on the cap and the poly(A) tail in translation in wheat germ extract (22, 34, 35) ( Fig. 1 ). We engineered a firefly luciferase reporter construct that contains the presumed TriMV 5= UTR (nt 1 to 739) at its 5= end and a 46-nt vector sequence at its 3= end followed by a 62-nt poly(A) tail. We compared the level of translation of the TriMV RNA transcript with an m7GpppG cap to that of a transcript with an ApppG cap at its 5= end. The ApppG cap analog was added for RNA stability, but unlike the m7GpppG cap, it has no function in translation. As a control, a luciferase RNA construct that contains vector sequences at its 5= and 3= ends followed by a 3= poly(A) tail was used to mimic the structure of a eukaryotic mRNA. We compared the level of translation of our control RNA with an m7GpppG cap to that of the control RNA with an ApppG cap at its 5= end. As expected, translation of the m7GpppG-capped polyadenylated control RNA was nearly 6-fold higher than that of the Luciferase activity in wheat germ extract of the mRNA transcripts containing the TriMV leader (ApppG TriMV 5= UTR) or its reversed complementary sequence (ApppG reversed TriMV 5= UTR) with an ApppG cap analog, relative to the control m7GpppG-capped vector sequence. All constructs are polyadenylated. Luciferase activities were standardized to the measured luciferase activities of the m7GpppG-capped control mRNA. (D) Relative luciferase activity in oat protoplasts of the reporter mRNAs containing the ApppG-capped TriMV leader or an m7GpppG-capped vector sequence as the 5= UTR, normalized to values for an m7GpppG-capped polyadenylated renilla reporter RNA used as an internal control, which was coelectroporated at a 1:10 ratio. All transcripts are polyadenylated.
ApppG-capped control RNA (Fig. 1A, left) . In contrast, the m7GpppG cap added to the TriMV 5= UTR boosted translation by Ͻ0.5-fold compared to the ApppG-capped TriMV mRNA (P value of 0.005) ( Fig. 1A, right ). We next compared translational stimulation of the poly(A) tail by adding or removing the 3= poly(A) tail on the m7GpppG-capped control RNA and the Ap-ppG-capped TriMV RNA (Fig. 1B) . In combination with the m7GpppG cap, the poly(A) tail increases translation of the control mRNA by 5-fold compared to that of the nonadenylated RNA ( Fig.  1B, left) . However, for the TriMV RNA transcript, the 3= poly(A) tail provided an ϳ0.5-fold increase in translation (P value of 0.001) ( Fig.  1B, right) . These results show that under our translation conditions, in which the wheat germ in vitro system can recapitulate cap and poly(A) tail dependency, the TriMV 5= UTR alone is sufficient to initiate translation.
Next, we measured the translational activity of the TriMV reporter RNA containing an ApppG cap and a poly(A) tail and directly compared its activity with that of the m7GpppG-capped polyadenylated control RNA (Fig. 1C) . The results showed that the TriMV 5= UTR supports translation in wheat germ, with a translational output 2-fold higher than that of the control RNA. In contrast, the reversed complementary sequence of the TriMV 5= UTR (reversed TriMV) failed to drive translation (Fig. 1C ). We also tested the constructs in oat protoplast cells, which are a natural host of the virus (20) (Fig. 1D ). ApppG-capped TriMV RNA and the capped polyadenylated control RNA transcripts were electroporated into ϳ10 6 cells. For an internal control, we coelectroporated the mRNAs at a 1:10 ratio with an m7GpppG-capped polyadenylated renilla reporter RNA. Next, we measured the ratio of firefly luciferase activity/renilla luciferase activity. The results showed that the TriMV 5=-UTR RNA had 2-fold greater translation activity than the capped polyadenylated control RNA.
Taken together, the TriMV 5= UTR is able to drive cap-independent translation both in vitro and in vivo.
TriMV 5=-UTR-mediated translation is largely eIF4E independent. Because the TriMV 5= UTR can drive translation without a 5= cap, we tested whether the 5= UTR requires the capbinding factor eIF4E for translation initiation (Fig. 2 ). We first measured the translation of the ApppG-capped TriMV 5=-UTR reporter RNA in the presence of increasing concentrations of an m7GpppG cap analog (0 to 100 M) added to the translation reaction mixture ( Fig. 2A ). The exogenously added m7GpppG cap analog normally inhibits cap-dependent translation by competitively sequestering eIF4E. We compared the translation of the TriMV 5= UTR reporter RNA to that of the control m7GpppGcapped polyadenylated RNA, which is dependent upon eIF4E for translation. As a negative control, we added increasing concentrations of noncompetitive GTP in place of the m7GpppG cap analog. At a concentration of 10 M, m7GpppG inhibited the translation of the capped control mRNA by 35%. At concentrations of 50 M and higher, translation was reduced by 65%. However, the addition of the m7GpppG cap analog for TriMV 5= UTR-driven translation had a less radical effect. The TriMV mRNA retained at least 75% of its translation at most concentrations of the inhibitor. We conclude that, unlike cap-driven translation, TriMV-mediated translation is largely unaffected by cap analog inhibition.
To directly test the requirement for the TriMV 5= UTR on the cap-binding complex (eIF4F/eIFiso4F), we passed wheat germ extract through an m7GpppG-Sepharose column to make wheat germ extract translation dependent on the addition of the com-plex. This well-established process largely depletes the cap-binding complex from the extract, including the factors eIF4E and eIF4G and their isoforms (eIFiso4E and eIFiso4G), and limited amounts of eIF4A, eIF4B, and the poly(A) binding protein (PABP) (2, 3) . This approach has been extensively used to determine the translation factor dependency of plant virus translation enhancers (36) (37) (38) . We measured translation by determining the percentage of 14 C-labeled leucine incorporated into the newly synthesized protein (29) . We added increasing concentrations (0 to 10 pmol) of eIF4F or its individual subunits (eIF4G and eIF4E) to the depleted wheat germ extract translation reaction mixture. TriMV 5=-UTR-driven translation was fully dependent on exogenously added translation factors (Fig. 2B) , and maximum translation was reached by adding the full eIF4F complex. eIF4E itself did not stimulate translation, but the addition of the large subunit eIF4G alone supported translation.
Next, we investigated the competitive ability of the TriMV 5=-UTR sequence to interfere in trans with the translation of the capped polyadenylated control RNA, presumably through sequestration of translation factors (Fig. 2C ). We added free RNA consisting of the TriMV 5=-UTR sequence (nt 1 to 739), at an increasing molar excess (up to 20-fold) over the m7GpppGcapped polyadenylated control mRNA, to the in vitro translation reaction mixture. For a positive control, we used the well-characterized 105-nt barley yellow dwarf virus cap-independent translation element (BTE) RNA, which supports the translation of noncapped mRNAs both in vivo and in vitro and inhibits capdependent translation when added in trans (36, (39) (40) (41) . For a negative control, we used a 700-nt RNA sequence from the coding region of green fluorescent protein (GFP). We determined the ability for trans-inhibition as the amount of exogenously added free RNA required to attain 50% inhibition of cap-driven translation. We relativized the translation level to the value for the control RNA treatment (no exogenous RNA), which was defined as 100% translation (0-fold molar excess). Our results revealed that the free TriMV RNA sequence spanning nt 1 to 739 added in trans interfered with cap-driven translation as strongly as BTE RNA (Fig. 2C ). Similarly to BTE RNA, a 5-fold molar excess of TriMV RNA decreased translation by 50%. Even at high concentrations, the control GFP RNA showed little ability to inhibit translation, which confirms the specificity of our assay. The TriMV reverse complement RNA was unable to inhibit translation in trans (data not shown).
The BTE is known to specifically interact with the eIF4F complex in wheat germ extract. It was demonstrated previously that the addition of eIF4F reverses trans-inhibition of cap-dependent translation by the BTE (36, 41) , which we replicated in our assay (data not shown). To determine whether eIF4F and/or its individual subunits (eIF4G and eIF4E) affect TriMV 5=-UTR-mediated trans-inhibition, we added increasing concentrations of eIF4F, eIF4G, or eIF4E (0 to 100 nM) to the translation reaction mixture inhibited by a 20-fold molar excess of free RNA of the TriMV region spanning nt 1 to 739 and measured the recovery of translation ( Fig. 2D ). We relativized recovery to 100% using the translation reaction mixture with no inhibitor added (control). Increasing concentrations of eIF4F reversed TriMV-mediated inhibition, with 100 nM being sufficient to fully recover translation. The addition of eIF4G alone restored the translation of the capped polyadenylated mRNA. At every concentration, there was no statistically significant difference between eIF4F and eIF4G (P value of 0.6881). However, the addition of eIF4E alone had no effect on translation, and inhibition by the TriMV sequence spanning nt 1 to 739 was maintained. These observations demonstrate that the TriMV 5=-UTR sequence competes for some components of the eIF4F complex but possibly not eIF4E. Together, the data are in line with a lack of full dependence upon eIF4E for TriMV translational function.
Translation initiates at the start codon beginning at nucleotide 740. The TriMV 5= UTR uniquely possesses 12 AUG start codons upstream of the presumed authentic start codon at nt 740 ( Fig. 3A) (20) . Our sequence analysis reveals that four of these AUGs (nucleotide positions 116 to 118, 146 to 148, 281 to 283, and 333 to 335) are in frame with the presumed initiation site (Fig. 3A,  underlined bases) . The AUGs at positions 116 to 118, 333 to 335, 501 to 503, 561 to 563, and 598 to 600 are in a good Kozak sequence context (A/C at position Ϫ2 and G at position ϩ4) (42, 43) . The AUGs at positions 281 to 283, 525 to 527, and 598 to 600 could potentially be start sites for upstream open reading frames (uORFs) of ϳ33, 64, and 77 amino acids, respectively (20) . If TriMV-mediated translation relies on ribosomal scanning that obeys conventional Kozak rules, ribosomes should encounter one of these upstream AUGs (uAUGs) and begin translation before reaching the start codon of the luciferase gene. To verify that the 13th AUG at nt 740, which corresponds to the start codon of the firefly luciferase gene in our reporter construct, is the authentic translation initiation site, we introduced different mutations of the 13th AUG (Fig. 3B) . In one construct, we mutated the 13th AUG to an AUC non-start codon (construct AUGϾAUC), and in another construct, we inserted two stop codons immediately after this AUG codon to block translation elongation (construct AUG-2XSTOP). If the 13th AUG is the correct start site, these mutations should greatly reduce the translation of the luciferase gene. As shown in Fig. 3B , the AUG-to-AUC mutation reduced translation to a level similar to that for the nonfunctional TriMV reverse RNA. The double stops placed after the AUG codon abolished the translation of luciferase. However, when we placed a stop codon immediately upstream of the 13th AUG (construct STOP-AUG) to arrest potential translation elongation from any of the in-frame AUGs, translation of the luciferase gene was not significantly affected (P value of 0.2161). Our data support that the 13th AUG at nucleotide positions 740 to 742 is the correct initiation site. A 300-nt region can support cap-independent translation. To functionally map the TriMV translation element, we roughly truncated the 739-nt TriMV 5= UTR from its 5= and 3= ends and tested the mutants in the monocistronic reporter construct using an ApppG cap at the 5= ends ( Fig. 4) . We compared translation of the mutants to that of the full-length TriMV 5= UTR. As shown in Fig. 4B , deletion of ϳ400 nucleotides from the 5= end did not impair the ability of the TriMV 5= UTR to drive cap-independent translation. The mutant TriMV 5= UTR spanning positions 442 to 739, which has a deletion of nucleotides 1 to 441, showed a significant increase in the translation of the luciferase reporter compared to the full-length TriMV 5= UTR (P value of 0.01). However, further 5= deletions (nt 539 to 739 and nt 549 to 739) caused a significant reduction in translation (P values of Ͻ0.0001) (Fig. 4B) .
To further test the functionality of the 5= deletion mutants, we performed a trans-inhibition assay in wheat germ extract using the mutant free RNAs. We compared the levels of inhibition of cap-dependent translation with exogenously added deletion mutant RNAs (nt 442 to 739, 539 to 739, and 549 to 739), full-length TriMV 5= UTR RNA (nt 1 to 739), the control BTE RNA, and the nonfunctional RNA control (GFP). The results from the transinhibition assays corroborate our luciferase translation data in cis (Fig. 4C) . A 5-fold molar excess of free RNA corresponding to nt 442 to 739 reduced translation by 50%. However, a 20-fold molar excess of free RNAs spanning nt 539 to 739 or 549 to 739 had no inhibitory effect on cap-dependent translation. The inability of these two free RNA mutants to inhibit translation in trans is consistent with their inabilities to drive translation in cis (Fig. 4B) . These observations suggest that the 5= region of the TriMV leader needed for cap-independent translation resides roughly between nucleotides 442 and 739.
Next, we made deletions from the 3= end of the TriMV 5= UTR. We tested each deletion mutant with a monocistronic firefly luciferase reporter and as free RNA in an in vitro trans-inhibition assay. Deletion of 30 nt from the 3= end (nt 1 to 709) maintained full translation of the mRNA and, in fact, resulted in a significant boost in translation (P value of 0.0078). However, further truncation (nt 1 to 601 and 1 to 550) abolished translation (Fig. 4D ). We performed an in vitro trans-inhibition assay of capped RNA with a molar excess of mutant free RNAs (nt 1 to 709, 1 to 601, and 1 to 550), control BTE RNA, and control GFP RNA. Despite their inability to drive translation in cis, truncated RNAs spanning nt 1 to 601 and nt 1 to 550 inhibited the translation of capped and polyadenylated mRNA in trans as efficiently as the mutant RNA spanning nt 1 to 709 and the full-length TriMV 5=-UTR (nt 1 to 739) free RNA (Fig. 4E) .
To further map the minimal TriMV 5= UTR required for translation, we investigated whether the deletion mutant at nt 442 to 709 is able to drive cap-independent translation compared to the full-length TriMV 5= UTR RNA (Fig. 4F ). Our results show that the truncated RNA transcript spanning nt 442 to 709 can still support cap-independent translation at ϳ50% of the level of the full-length 5=-UTR RNA.
Finally, to eliminate the possibility that the observed losses of translation in the deletion mutants were linked to losses in RNA stability, we estimated the functional half-lives of the full-length TriMV 5= UTR (nt 1 to 739) and the mutant RNAs (nt 442 to 739, 549 to 739, 1 to 601, and 442 to 709) by monitoring the rate of luciferase accumulation in wheat germ extract over a 3-h course of time (Fig. 4G ). This approach measures the stability of mRNAs that are actively being translated, as opposed to the measurement of the physical integrity of the transcripts (44, 45) . We defined the functional half-life of the mRNA as the time of half-maximum accumulation of luciferase expression minus lag time (45) . Our analysis revealed that all mutant RNAs that had a significant loss in translation activity had functional half-lives that were similar to those of the wild-type TriMV construct, which showed a half-life of 57.2 min. This supports that the observed loss of translation efficiency of RNA deletion constructs results from regulation at the translational level and not RNA instability. Interestingly, the mutant spanning nt 442 to 739 had a half-life of 78.9 min, which may have contributed to its increased translation ability (Fig. 4G) . Taken together, these observations suggest that the minimal region of the TriMV leader for cap-independent translation resides roughly between nucleotides 442 and 709.
The stem-loop structure at positions 469 to 490 is required for translational activity. To further examine the region of the 440 to 610 within the TriMV 5= UTR superimposed onto the best-fitting secondary structure by using VARNA software (33) . The reactivity of each nucleotide to the methylisatoic anhydride added was analyzed with QuSHAPE software (32) . Normalized SHAPE reactivity values of Ϫ3.14 to ϩ0.4 (in black), ϩ0.5 to ϩ0.8 (in yellow), and ϩ0.9 to ϩ3.06 (in red) correspond to unreactive, moderately reactive, and highly reactive nucleotides, respectively. A stem-loop structure at nucleotide positions 469 to 490 that was predicted in silico (data not shown) is boxed. (B) Relative luciferase activity in wheat germ extract of the TriMV stem mutant RNAs compared to the wild-type and TriMV reverse sequences. The stem mutant RNAs contain either three consecutive base mutations (three guanines TriMV 5= UTR that is functionally involved in translation, we used mFOLD (46) to predict the secondary structure of the region spanning nt 442 to 709 (predicted ⌬G ϭ Ϫ67.33 kcal) (data not shown), which we validated using selective 2=-hydroxyl acylation analyzed by primer extension (SHAPE) (Fig. 5A ). The structural probing results, which covered nucleotides 440 to 610 of the TriMV 5= UTR, were superimposed on the best-fitting secondary structure using VARNA software (33) . Our assay validated the presence of an 8-bp-long stem structure at nucleotide positions 469 to 490, as indicated by lowly reacting nucleotides within the stem (Fig. 5A, dark green) , which could result from the pairing of the bases. The stem is capped with a UGGU tetraloop.
To examine the relevance of the stem in TriMV 5=-UTR-mediated translation, three mutations were introduced into the upper portion of the stem structure within the full-length 5= UTR (three consecutive guanines into three cytosines at nucleotide positions 472, 473, and 474) (construct ⌬stem-GϾC) (Fig. 5B) . The mutations, predicted by mFOLD, would disrupt the stem region spanning positions 469 to 490 but preserve the overall surrounding structure. We then measured translation of the TriMV 5=-UTR stem mutant in wheat germ extract and compared it to those of the wild-type and nonfunctional TriMV reversed sequences. The disruption of the stem resulted in a significant loss of 70% of translation activity (Fig. 5B) . The restoration of the stem structure with double-compensatory mutations (construct ⌬stem-CϭG) restored translation. It significantly reestablished the translation of the mRNA in vitro (P value of Ͻ0.00001) to ϳ70% of the translational activity of the wild-type TriMV 5= UTR.
To further examine the function of the stem structure, we performed an in vitro trans-inhibition assay of the capped RNA with a molar excess of the TriMV 5=-UTR RNA with the stem mutations (⌬stem-GϾC and ⌬stem-CϭG) and compared their transinhibitory effects to those of the wild-type, control GFP, and reversed TriMV free RNAs (Fig. 5C ). As noted above, the reversed TriMV free RNA behaves similarly to the control GFP RNA in trans-inhibition. The disruption of the stem resulted in a considerable loss of the competitive trans-inhibitory effect of the TriMV 5= UTR. At least a 10-fold molar excess of mutant ⌬stem-GϾC free RNA is required to attain 50% inhibition of cap-driven translation. However, the free RNA of the double-compensatory mutant with the restored stem structure (⌬stem-CϭG) inhibited translation as efficiently as the wild-type sequence (Fig. 5C ). A 5-fold molar excess of the double-compensatory mutant RNA was sufficient to achieve Ͼ50% inhibition of capped-RNA translation. We conclude that the stem structure at nucleotide positions 469 to 490 is required for the TriMV 5=-UTR translational activity.
The 5= UTR of TriMV can drive internal initiation. We next assessed whether the TriMV 5= UTR can direct translation from an internal position. We inserted the TriMV 5= UTR between the renilla luciferase and firefly luciferase reporter genes in a standard bicistronic RNA construct (Fig. 6A) . Expression of the downstream, second cistron (firefly luciferase) depends on the internal initiation ability of the element placed in the intergenic region. We tested the bicistronic polyadenylated mRNA in wheat germ extract with an ApppG or an m7GpppG cap analog at its 5= end and compared the ratio of firefly luciferase to renilla luciferase light units. We compared the translation levels of the TriMV 5= leader sequence to those of a 30-nt vector sequence (empty control). The TriMV 5= UTR directed internal initiation, in both ApppG-and m7GpppG-capped RNAs, and this was well above the level of the empty control (Fig. 6A) .
To test that translation of the downstream firefly luciferase is independent from translation of the first cistron, we introduced a stable hairpin (⌬G ϭ Ϫ34 kcal) (25) at the immediate 5= end of the mRNAs to presumably block the 5= end for ribosomal entry. This strong hairpin should impair translation of the first cistron and leave translation of the downstream cistron strictly dependent on internal initiation (47) . We again compared TriMV 5=-UTR translation to that of the empty control in ApppG-and m7GpppGcapped RNA transcripts in wheat germ extract (Fig. 6B ). Our data showed that despite the addition of the stable hairpin at the 5= end of the mRNA, the TriMV 5= UTR maintained its ability to drive internal translation, and its level of translation was well above that of the empty control ( Fig. 6B ).
To further examine the observed internal initiation activity, we compared translation of the monocistronic TriMV 5=-UTR luciferase reporter RNA to that of the m7GpppG-capped control mRNA with or without the strong stem-loop (⌬G ϭ Ϫ34 kcal) at the immediate 5= end of the mRNA to presumably block the 5= end for ribosomal entry (Fig. 6C ). As expected, cap-dependent translation was abolished with the presence of the strong hairpin (construct SLϩm7GpppG control). However, the TriMV 5= UTR fully retained its activity when the 5= end was blocked (SLϩTriMV 5= UTR) and drove translation at the level of the TriMV RNA without the stem-loop. To determine whether the identified stem structure at nucleotide positions 469 to 490 was involved in the internal initiation ability of the TriMV 5= UTR, we measured translation of the mutant RNAs with the strong hairpin at the 5= end of the mRNA. The three point mutations on the stem structure were sufficient to abolish the translational advantage of the TriMV 5= UTR. The mutant RNA failed to drive translation of the luciferase reporter when the 5= end was obstructed with a strong hairpin (construct SLϩ⌬stem-GϾC). However, the double-compensatory mutation that restored the stem structure showed maximum translational activity (construct SLϩ⌬stem-CϭG). Together, our results suggest that the TriMV 5= UTR can drive translation internally and clearly independently of the 5= end. This internal initiation activity requires the identified stem structure at nucleotide positions 469 to 490 within the TriMV 5= UTR.
DISCUSSION
RNA elements have evolved functions as translational enhancers that perform under various conditions (10, 48) . Viral RNAs of the large Potyviridae family lack a 5= m7GpppG cap, and many of them reportedly rely on their 5= leader sequences to initiate translation (6) . Diverse translation enhancers that employ unique into three cytosines) of the stem structure at nucleotide positions 474 to 476 (construct ⌬stem-GϾC) or a double-compensatory mutation (construct ⌬stem-GϭC) that restores the stem structure. All transcripts are ApppG capped and polyadenylated. Mutated bases are boxed in the schematic diagram of the stem-loop structure at positions 469 to 490. (C) In vitro trans-inhibition assay of cap-dependent translation with up to a 20-fold molar excess of the competing free RNAs corresponding to the TriMV stem-loop mutants (⌬stem-GϾC and ⌬stem-GϭC), the wild-type 5= UTR (nt 1 to 739), the negative control (GFP), and the reversed complementary sequence of the TriMV 5= UTR (nt 1 to 739). (11) . Here, we report the function of the 5= translation element identified in a recently emerged member of the Potyviridae family, Triticum mosaic virus (TriMV). Our results reveal a uniquely regulated translation enhancer that may provide new insights into the large functional diversity of translation mechanisms among plantinfecting viruses. While no clear consensus sequence or structure has been reported for the potyviral translation elements, these elements demonstrate a similar function: they are able to drive cap-independent translation at no less than the level of a 5=-methylated capped control RNA (11) . Here, we show that the noncapped TriMV leader sequence shares similar functions with other members of the Potyviridae family. The TriMV 5= UTR is able to drive capindependent translation both in vivo and in vitro (Fig. 1) . Similarly to other reported potyviral translation elements (11) , the TriMV 5= UTR initiated translation internally. Standard approaches used to measure the internal initiation activity of the potyviral elements test their ability to either (i) initiate the translation of a downstream gene when placed in the intergenic region of a bicistronic construct, or (ii) conduct translation in a monocistronic mRNA with a stable secondary structure placed at the immediate 5= end of the mRNA (11) . A unique characteristic of the TriMV translation element compared to those of other potyviruses is that its translation mechanism is clearly driven in a 5=-end-independent manner (11) . When a large stem-loop structure was placed at the 5= end of the uncapped Turnip mosaic virus (TuMV) 5= UTR, the potyviral 5=-UTR element sustained translation; however, it was detected at Ͻ30% of the level observed without the stem-loop (13) . A similar observation was reported previously for tobacco etch virus (TEV) cap-independent regulatory elements (CIREs), which show internal initiation activity (5, 18) . The presence of a 24-nt stem-loop structure added upstream of the TEV leader in a monocistronic mRNA decreased CIRE-1-driven translation by ϳ30% and CIRE-2-driven translation by ϳ70% (18) . Although these translation levels were higher than that of an uncapped control RNA, these observations indicate that these leaders appear to require an accessible 5= end for optimal translation; however, the exact mechanism of ribosomal recruitment remains unknown. It is worth noting that the ability to drive cap-independent translation does not necessarily correlate with an ability to drive internal initiation. For example, several noncapped and nonadenylated plant viruses rely on 3= cap-independent translation elements (3= CITEs) for translation (10) . These 3= CITEs are located at the 3= end of the viral RNAs and mediate translation of the 5=-end-proximal AUG. However, these elements cannot recruit the ribosomes from an internal position to mediate downstream translation, and their translation mechanism requires ribosomal scanning from the 5= end of the mRNA (10) . The ability of TriMV to mediate translation both cap independently and 5=-end independently seems novel among plant viruses.
Clearly, some characteristics of the TriMV 5= UTR are quite unique, which broadens the divergence among the potyviral translation enhancers. First, the observed cap-independent translation activity of most of the reported potyviral 5= translation elements relies on a 60-to 190-nt-long 5=-UTR sequence (11) . Most potyviruses require only a minimal portion of their genome for translation. The TriMV 5= UTR is considerably longer, as the minimally derived region of the 739-nt-long TriMV leader sequence is ϳ300 nt long. Second, uncommon to 5= leader sequences of most plant RNA viruses, the TriMV 5= UTR contains 12 AUG start codons upstream of the presumed correct initiation site of the viral polyprotein at position 740 ( Fig. 3) . While it remains possible that translation initiates at one or more of the alternative positions, it is clear that primary initiation occurs at the furthest downstream AUG codon (Fig. 3 ). This translation strategy must differ from the canonical scanning mechanism where the ribosomal complex enters from an accessible 5= end of the mRNA and scans in the 5=-to-3= direction in search and recognition of the 5=-proximal AUG (1). We cannot dismiss, however, whether any of the upstream AUGs play a regulatory role in the recognition and/or regulation of the main initiation site, as observed for the uncapped plum pox virus (PPV) 5= leader (19) . Whether the PPV 5= UTR was m7GpppG capped or not, the same level of translation was reported in vitro and in vivo, which supports its ability to drive translation cap independently (19) . This 145-nt-long potyviral 5= UTR contains an in-frame upstream AUG at position 36 preceding the authentic initiator AUG at position 147 (19) . The PPV leader failed to drive internal initiation in the context of a bicistronic construct. However, when the first AUG codon was placed in a good Kozak sequence context, it became the preferred initiation site (19) . This suggests that the correct AUG codon is recognized through a leaky scanning mechanism. In internal initiation, the ribosomal complex is recruited within the vicinity of the correct initiation site without scanning from the 5= end of the mRNA (47) . The fact that TriMV-mediated translation initiates at the 13th AUG codon could be supported by its ability to recruit the translation initiation machinery internally ( Fig. 6 ). Our remaining question is how TriMV directs the assembly of the translation machinery at the correct AUG codon. Mechanistically, in picornaviruses, the position of a polypyrimidine CUUU-rich tract determines the location of the landing site of the ribosomes for the correct AUG and contributes to internal initiation (49) . For encephalomyocarditis virus (EMCV)-type internal ribosome entry sites, the ribosomes bind closely to the AUG used for translation initiation, which is 25 nt downstream of the polypyrimidine tract (50, 51) . For other picornaviral serotypes, including poliovirus, the initiation event occurs at the following AUG, ϳ100 nt downstream of the polypyrimidine tract, which the ribosome reaches by scanning (52, 53) . Our sequence analysis of the TriMV 5= UTR revealed a CUUU (4) tract that is 11 nucleotides upstream of the correct AUG. However, deletion of the TriMV leader sequence (Fig. 4) shows that without the last 30 nt of the viral 5= UTR [which activities in wheat germ extract of the bicistronic mRNAs was determined by adding an ApppG or m7GpppG cap at the 5= end with the strong hairpin and using either the TriMV 5= UTR or no insertion (empty control) in the intergenic region. It is worth noting that due to the presence of the 5= hairpin, the baseline renilla luciferase activity is at its lowest, which in turn makes the value for the ratio much higher. (C) Schematic diagram of monocistronic firefly luciferase reporter RNAs containing a stable hairpin insertion (⌬G ϭ Ϫ34 kcal) (25) immediately at the 5= end of the mRNA. Translation is driven by the TriMV 5= UTR, the reversed TriMV 5= UTR, or the m7GpppG-capped vector control sequence. The relative luciferase activity in wheat germ extract of the TriMV 5= UTR and its stem-loop-derived mutants with the strong hairpin is shown and is relativized to that of the control capped, polyadenylated mRNA.
includes the CUUU (4) tract] (nt 1 to 709), the TriMV 5= UTR maintains its ability to drive optimal cap-independent translation. The RNA structure and/or sequence requirements of most potyviral translation elements remain to be investigated. The wellcharacterized TEV translation element relies on a 45-nt-long pseudoknot (17) . Mutations that disrupt the stems or loops on the pseudoknot have a 60 to 92% loss in translational activity compared to that of the wild-type construct (17) . On the other hand, the translation activity of the 131-nt-long TuMV 5= UTR seems to be both structure and sequence independent. With a GC content of 29.2%, this potyviral 5= leader remains translationally functional in the antisense orientation and retains its ability to transinhibit cap-dependent translation (13) . While the entire structure of the full-length TriMV 5= UTR has yet to be analyzed, an overlapping, yet different, requirement for the dual TriMV 5=-UTR functions for cap-independent translation activity and internal initiation ability is an 8-bp-long hairpin positioned ϳ270 bases upstream of the initiation site.
While the exact requirement for the host translation machinery for TriMV 5=-UTR-mediated translation is yet to be dissected, our findings suggest a largely eIF4E-independent translation mechanism ( Fig. 2) . It remains possible that TriMV translation requires eIF4E, but (i) the affinity of the TriMV 5=-UTR mRNA for eIF4E is much stronger than that of eIF4E for the m7GpppG cap analog or (ii) the TriMV-eIF4E interaction domain is not in conflict with the cap analog-eIF4E interaction. Clearly, eIF4E-independent translation could confer a translational advantage to the virus for competing for the limited number of host factors available.
In summary, with their similar genome architecture with the animal Picornaviridae family, it has been largely assumed that members of the plant Potyviridae family share similar translation mechanisms with their animal counterparts. However, it is clear that the potyviruses show remarkably diverse translation elements unseen in animal viruses. Here, we have heightened knowledge of such diversity with the discovery of a uniquely controlled translation enhancer that may provide new insights into mechanisms of plant virus translational regulation. It remains unclear why TriMV would evolve such a unique mechanism of translation to ensure efficient expression. Future studies in the context of the viral life cycle and its synergistic interaction with other wheat viruses and/or with its vector could provide new insights.
